Bundle sheath chloroplasts have been isolated from Zea mays leaves by a procedure involving enzymic digestion of mechanically prepared strands of bundle sheath cells followed by gentle breakage and filtration.
Bundle sheath cells of C4 plants are the site of C4 acid decarboxylation and refixation ofthe released CO2 via the PCR' cycle. In C4 species of the NADP-ME type malate decarboxylation is thought to occur in the chloroplasts via the action of NADP-ME (8, 15, 27) . This enzyme generates a portion of the NADPH required for photosynthetic CO2 fixation, so that malate decarboxylation is considered to be closely linked to the PCR cycle (5, 26) . The evidence for these functions is largely based on enzyme localization studies using chloroplasts isolated from maize by nonaqueous techniques (30) , more recently from bundle sheath protoplasts ofFlaveria trinervia (27) , and from studies 'Abbreviations: PCR, photosynthetic carbon reduction; PGA, 3-phosphoglyceric acid; PEP, phosphoenolpyruvate; RuBP, ribulose-l1,5-bisphosphate; Ru5P, ribulose-5-phosphate; GAP, glyceraldehyde-3-phosphate; DHAP, dihydroxyacetone phosphate; R5P, ribose-5-phosphate; ME, malic enzyme. ofthe metabolic activities of isolated bundle sheath cells ofmaize (5, 7, 12, 14) and other C4 species of the NADP-ME type (6, 12, 26, 29) . Other than one brief report (29) it has not been possible to confirm these proposed metabolic activities using functional bundle sheath chloroplasts isolated from NADP-ME type C4 species due to the difficulty in preparing these organelles (see Edwards and Huber [8] ).
Rathnam and Edwards (28) reported on the preparation and enzyme content of bundle sheath chloroplasts from all three C4 subgroups. Metabolic activities were also presented (29) . However, the preparation method used has not been repeated elsewhere and was ineffective in our hands. Isolation ofmaize bundle sheath chloroplasts was also reported by Horvath et al. (17) but these chloroplasts displayed negligible CO2 assimilation.
Chloroplast fragment preparations from C4 bundle sheath cells have been useful in studies of the Hill reaction, photosynthetic electron transport, and electron transport chain components (1, 11, 24, 26) . Bundle sheath chloroplasts capable of phenazine methosulfate-mediated cyclic photophosphorylation have also been prepared from maize (2) . This work has indicated that the agranal bundle sheath chloroplasts of NADP-ME type C4 species are deficient in PSII and have higher Chl a/b ratios than chloroplasts from other plant sources. It appears likely that the resulting diminished noncyclic electron flow necessitates that a portion of the photosynthetic pool of PGA is transported to the mesophyll chloroplasts for reduction to triose phosphates which then return to the PCR cycle in the bundle sheath chloroplasts (5, 14, 15, 26) . The detailed relationship between malate decarboxylation and PGA reduction is unclear.
These studies have left many questions relating to the metabolism in bundle sheath chloroplasts ofNADP-ME type C4 species unresolved. These include the relationship between CO2 assimilation, PGA reduction and C4 acid decarboxylation, the mechanisms responsible for metabolite transport in these chloroplasts, and the regulation of these processes. In this paper we report the isolation of intact, functional bundle sheath chloroplasts from maize leaves, their enzymic activities, and their main metabolic characteristics. Results for NADP-ME activity from a large number of preparations using the procedure described in "Methods" are shown in Table I along with a range of PCR cycle, C4 pathway, and other organelle marker enzymes. Activities in leaf and bundle sheath cell extracts were also determined for comparison. Since bundle sheath chloroplasts from NADP-ME-type C4 species have diminished PSII, (see above) it was not possible to measure chloroplast intactness by photosynthetic 02 evolution and ferricyanide exclusion as usual for chloroplasts from other sources (see e.g. Edwards et al. [9] (7, 21, 28) , and other C4 species of the NADP-ME type (6, 12, 23, 27) . High activities of NADP-ME and the PCR cycle enzymes RuBP carboxylase, Ru5P kinase, PGA kinase, and NADP-GAP dehydrogenase were evident in the chloroplasts and these specific activities increased during Percoll enrichment. These results are consistent with these enzymes being located solely or predominantly in the chloroplasts. On a Chl basis the activities of NADP-ME, RuBP carboxylase, and NADP-GAP dehydrogenase reported here for isolated maize bundle sheath chloroplasts are higher than indicated in an earlier report (28) . In contrast, low activities of aspartate-and alanineaminotransferases were observed and these decreased during Percoll centrifugation (Table I) . Aspartate aminotransferase activity is about 10-fold lower than reported earlier (28) . Ru5P kinase and PGA kinase activities have not previously been reported for bundle sheath chloroplasts prepared in aqueous media. Mesophyll chloroplasts of maize and other NADP-ME type C4 plants contain very high levels of NADP-malate dehydrogenase (8) . Although the low residual activity in the bundle sheath chloroplast preparation could be due to mesophyll chloroplast contamination the activity did not decrease during centrifugation through Percoll. Thus it seems possible that the enzyme is present in low activities in bundle sheath chloroplasts. Relatively low activities of this enzyme also occur in C3 chloroplasts (3) . Enzyme activities presented here are also in general agreement with data derived from bundle sheath chloroplasts isolated by nonaqueous techniques (30) .
MATERIALS AND METHODS

Sources
Ielated bundle sheath chloroplasts showed a similar ratio of Chl a/Chl b as bundle sheath cell extracts, and both were about double the ratio observed for whole leaf Chl. This finding further supports the conclusion that the bundle sheath chloroplasts contain negligible mesophyll contamination. The ratios are rather higher than reported elsewhere for C4 species ofthe NADP-ME type and this was apparently due to the revised equations (19) used here for Chl estimations. Chl a/b ratios of about 6 compared to about 3 for mesophyll chloroplasts and about 4 for leaf extracts have been reported for bundle sheath cell extracts (6, 7, 21, 24) , bundle sheath chloroplasts which were capable of photophosphorylation (2) , and chloroplast fragments ( 1, 1 1) . The high ratio for C4 bundle sheath chloroplasts of the NADP-ME type has been attributed to the lack of PSII and its associated Chl light-harvesting complex (1, 11, 26) .
It can be inferred from earlier studies that these bundle sheath chloroplasts should be capable of rapid malate decarboxylation and CO2 fixation and these activities were demonstrated. Table  II (4) . With chloroplasts (Table II) aspartate addition substantially increased observed rates; in the presence ofPGA plus ATP, aspartate increased the rate of malate decarboxylation by 4-fold and CO2 assimilation more than 2-fold. Similarly, the stimulation of malate decarboxylation rates by aspartate with either PGA or ATP was greater than the stimulation of CO2 fixation, suggesting an effect of aspartate on malate dependent processes. The low activity of aspartate aminotransferase in these chloroplasts (Table I) Maximal rates were light dependent with negligible CO2 assimilation in the dark and only low rates of malate decarboxylation (Table II) . Surprisingly, even in the presence ofsuitable substrates for NADP+ production via the reductive phase of the PCR cycle (PGA and ATP) malate decarboxylation is still dependent on light and presumably active PCR cycle turnover. The reason for this is unclear but several possibilities can be suggested such as poor ATP penetration of the chloroplasts in the dark, an altered and unsuitable pH of the stroma in the dark, or dark inactivation of enzymes of the reductive phase of the PCR cycle. Notably, NADP-GAP dehydrogenase of C3 plant chloroplasts is a light/ dark regulated enzyme (3) .
The effects of supplementation with various adenylates and alternative PCR cycle intermediates on CO2 assimilation and malate decarboxylation were examined (Table III) . ATP is not essential but could be replaced by ADP or AMP. Rates with all adenylate sources were very low in the dark (dark rates for AMP only are shown) and in the light adenylate additions in the absence of PGA resulted in low rates (not shown). At a concentration of 1 mM, ADP supplementation gave only slightly lower rates than ATP (Table III) but AMP was less effective. Thus these chloroplasts require an adenylate source, presumably due to losses of endogenous adenylates during chloroplast isolation, but clearly have the capacity for photophosphorylation to ATP. The response to added adenylates suggests an adenylate transport system. Such adenylate transporters have been characterized in C4 mesophyll (18) and C3 plant chloroplasts (16) . The lower rates with AMP might indicate lower activity of a transporter towards AMP, or that a high AMP concentration is more inhibitory to the photosynthetic processes than ADP. In subsequent experiments ADP or AMP were generally used rather than ATP which might be utilized directly and negate the requirement for active photophosphorylation.
The reduced PCR cycle intermediate DHAP is also able to support metabolism by isolated bundle sheath chloroplasts (Table III). The rate of CO2 assimilation was decreased slightly relative to the rate with PGA, but malate decarboxylation was decreased to less than half the comparable rate. Predictably, with DHAP provided instead of PGA the supply of NADP+ from the PCR cycle to support malate decarboxylation by NADP-ME would be reduced. R5P, a later PCR cycle intermediate that was previously found beneficial to obtain high metabolic rates with bundle sheath cells (5, 7, 14) in the presence of 2 mM Pi only supported low and equal rates of malate decarboxylation and CO2 assimilation. Lowering the Pi concentration to 0.5 mM to decrease possible exchange of phosphorylated PCR cycle intermediates and prevent possible competition of Pi with R5P for any transport system, also did not allow R5P to support substantial rates. The data are consistent with the occurrence of a phosphate translocator in bundle sheath chloroplasts similar to those which exist in other types of chloroplasts capable of trans- Time course of malate decarboxylation, by bundle sheath chloroplasts at high and low rat illuminated in reaction mixtures at 30C for vari Low or high metabolic rates were attained by in malate, or 10 mm malate plus 10 mM aspartate, ri mixtures also contained 2.5 mm PGA, 2 mM Pi, 1 components as described in "Methods". CO2 might be inhibiting malate decarboxylation directly by effects on NADP-ME.
The effects on malate decarboxylation and CO2 assimilation of variation of the pH of the chloroplast-suspending medium (Fig. 3) shows essentially parallel curves for each metabolic activity. Rates were maximal at about pH 8.0 and decreased gradually on the acid side of the optimum to about 60% of maximum at pH 7.2. A steeper decline was evident on the alkaline side above pH 8.1
Concluding Remarks. Although intact chloroplasts have been prepared from bundle sheath protoplasts of NAD-ME type (9) and phosphoenolpyrvuate carboxykinase type (22) C4 species these chloroplasts have no especially unusual features compared to C3 chloroplasts. From various studies on intracellular enzyme location and activities of isolated bundle sheath cells of NADP-ME type C4 species it could be predicted that the bundle sheath chloroplasts from these species should have many unusual features (see introduction). Principally these features are: lightdependent malate decarboxylation; CO2 assimilation dependent on malate decarboxylation; rapid malate uptake and pyruvate efflux; and in contrast to chloroplasts from other sources, rapid PGA efflux and DHAP uptake. Studies confirming these predictions and describing these processes have been hampered due to the difficulty encountered in preparation of intact chloroplasts from these cells. Utilizing cellulytic partial digestion of bundle sheath cells followed by gentle breakage, filtration and Percoll enrichment procedures we have obtained maize bundle sheath chloroplasts capable of high in vitro metabolic rates. The integrity of these chloroplasts is attested by their high metabolic rates, high activities of NADP-ME and PCR cycle enzymes, and lack of contamination. Enzyme and metabolic activities of these chloroplasts are consistent with the currently considered role of bundle sheath chloroplasts in C4 plants of the NADP-ME type. Additionally, further evidence has been obtained that malate decarboxylation and CO2 assimilation are co-ordinated processes in these chloroplasts, and that aspartate may have a regulatory role. Several questions concerned with features of these chloroplasts particularly relevant -to C4 pathway metabolism remain, such as the mechanisms of transport of malate and pyruvate, and also of PGA and triose phosphates, and the detailed mechanism by which aspartate enhances metabolic rates. Further investigations directed towards these questions are in progress.
